A functional neuroimaging study examined the long-term neural correlates of early adverse rearing conditions in humans as they relate to socio-emotional development. Previously institutionalized (PI) children and a same-aged comparison group were scanned using functional magnetic resonance imaging (fMRI) while performing an Emotional Face Go/Nogo task. PI children showed heightened activity of the amygdala, a region that supports emotional learning and reactivity to emotional stimuli, and corresponding decreases in cortical regions that support perceptual and cognitive functions. Amygdala activity was associated with decreased eye-contact as measured by eye-tracking methods and during a live dyadic interaction. The association between early rearing environment and subsequent eye-contact was mediated by amygdala activity. These data support the hypothesis that early adversity alters human brain development in a way that can persist into childhood, and they offer insight into the socio-emotional disturbances in human behavior following early adversity.
Early postnatal life is a time of both developmental opportunity and vulnerability, and the timing of experiences is critical for developmental outcome. Non-human animal studies have shown that early rearing conditions can have long-term consequences on emotional behavior (including reactivity and social behavior) and the effects of early experience can be more significant than later experiences (Sabatini et al., 2007) . Many of these behavioral outcomes are associated with changes in the amygdala, a biological substrate that supports emotional learning and reactivity to emotional stimuli (Davis, et al., 2001 ). Amygdala growth and hyperactivity mediate the expression of hyperemotionality as measured by increased anxiety-like behaviors (e.g., decreased exploration of rodents in an open-arm maze) (Vyas, et al., 2004) . Numerous non-human animal studies have shown that the amygdala is particularly sensitive to early life rearing conditions (i.e., poor or absent caregiving) (Kikusui, et al., 2009; Plotsky, et al., 2005; Sabatini, et al., 2007) . Experimental control of timing is much more difficult in humans since it is necessary to study populations with already existing adverse rearing conditions and early adverse caregiving is often followed by continued adversity throughout life. Institutional care (e.g., orphanage rearing), which is sparse, unstable, and regimented (Gunnar, et al., 2000b) , is unfortunately a naturally occurring example of early caregiving adversity in humans affecting millions of children worldwide (http://www.hrw.org). What makes this population unique is that if a child is removed from the orphanage via adoption, the enddate of the adversity is documented, increasing our ability to draw conclusions about the timing of adverse caregiving in a human population. Although institutionalized infants experience an unknown combination of adverse events and we have no means of isolating these unique experiences, poor caregiving is common to all previously institutionalized (PI) children (Gunnar, et al., 2000a) , and the odds of developmental delay following this type of caregiving are devastatingly high ).
Socio-emotional behavior is especially vulnerable to early-life adversity, and often PI children exhibit elevated emotional reactivity (Colvert, et al., 2008) and low social competence (Hodges, et al., 1989) . PI children exhibit more anxiety (Casey, et al., 2009; ), internalizing problems (Juffer, et al., 2005) and difficulty regulating behavior in emotionally arousing contexts . PI children also show social impairments (e.g., difficulty with peers and fewer close relationships; Hodges & Tizard, 1989) , and impairments in perception of social stimuli have been observed, including reduced cortical activity, as measured by electroencephalogram, in response to human faces (Moulson, et al., 2009) , difficulty interpreting the facial expressions of others (Fries, et al., 2004) , and inappropriately familiar interactions with strangers (Tizard, et al., 1978) . This socio-emotional profile persists for many years. Animal models of early-life stress have shown that amygdala development is altered by poor caregiving, and these alterations are associated with subsequent socio-emotional difficulties (Caldji, et al., 2000; Plotsky, et al., 2005; Sabatini, et al., 2007) ; however, the means through which the early caregiving environment influences neural development and associated behaviors in humans is unknown. This manuscript describes a functional magnetic resonance imaging (fMRI) study that examines amygdala function in a PI population and its role in atypical socioemotional behavior.
Most studies of PI children, the present study included, are necessarily quasi-experimental in nature, making it difficult to draw conclusions about the causal effects of institutional care. However, dose-response associations between time in institution and phenotype, which show that longer durations result in worse outcome (Rutter, et al., 2004; , suggest that institutional care is causing these effects. What is even more compelling is the random assignment design used in the Bucharest Early Intervention Project, showing that those children who remained in institutional care exhibited significantly more emotional difficulties compared to those who were removed via random assignment . These important data lend strong support for a causal link between institutional care and the emotional difficulties observed in this population.
Consistent with the non-human animal findings, hyperemotionality in humans is associated with hyperactivity in amygdala to emotionally-relevant stimuli (e.g., human faces) and corresponding hypoactivity in regions that regulate the amygdala, such as ventromedial prefrontal cortex (vmPFC) (Hare, et al., 2008; Shin, et al., 2005) . Oculomotor behavior may be affected by amygdala activity, in that directing gaze away from the most arousing aspects of emotional stimuli is associated with attenuated amygdala activity (van Reekum, et al., 2007) . Individual differences in amygdala activity are associated with directing gaze away from arousing (and informative) aspects of human faces (Dalton, et al., 2005) , even though doing so can interfere with successful interpersonal communication (Adolphs et al., 2005) . Shy individuals, who make less eye-contact than their non-shy peers (Pilkonis, 1977) , show impairments in face recognition (Brunet, Mondloch, and Schmidt, 2010) and expression classifications (Battaglia, Ogliari, Zanoni et al., 2004) . In typical populations, higher amounts of eye-contact have been associated with social competence and skill, as well as serving a number of social functions like expressing intimacy, exchanging social information, and regulating social exchanges (reviewed in Kleinke et al., 1986) . Therefore, exhibiting high levels of eye-contact seems important for successful social behavior. If an association between increased amygdala activity and low levels of eye-contact held for PI children, heightened amygdala activity could be a mechanism by which the association between early experience and socio-emotional behavior is maintained over the course of development.
The primate amygdala develops early in life (Humphrey, 1968; Ulfig, et al., 2003) with the most rapid rate of development occurring during the early postnatal period (Payne et al., 2009 ), a rate which may heighten the vulnerability of the amygdala to environmental exposures (Lupien, et al., 2009) . Gene expression studies show that the sensitivity of the primate amygdala and associated behaviors (self-regulation and social behavior) to adverse rearing conditions may be at a peak during the early postnatal period (Sabatini, et al., 2007) , and effects of adverse rearing environment on amygdala development can persist through adulthood (Caldji, et al., 2000) . Consistent with these animal models, human neuroimaging has revealed amygdala structural atypicalities and associated emotion difficulties following adverse early caregiving environments that are observable years after the removal from these conditions Mehta et al., 2009) . To better characterize the neuroaffective phenotype following adverse rearing conditions, we used a combination of fMRI, eye-tracking and dyadic interaction to test the hypothesis that early life adversity would be followed by amygdala hyperactivity and associated atypical social behavior (decreased eye-contact).
Method Participants
Imaging data were collected from 55 children (27 comparison (17 female), mean age (standard deviation) =10 years old (0.49); 28 PI (22 female), mean age (standard deviation) = 9 years old (0.43)). Six children (4 comparison, 2 PI) were excluded due to excessive head motion (> 2.5 mm or 2.5° of rotation), four children (4 PI) did not complete the fMRI task, and one child's neuroimaging data (1 comparison) were not usable due to technical problems. The final sample included forty-four children (22 PI; mean age=9.3-years-old, 16 female, mean time in orphanage care=15 months; SD=10 and 22 never-institutionalized comparison; 10.8-years-old, 13 female), whose characteristics are provided in Table 1 . PI children were recruited from a group of families who had received local international adoption consultation services or had responded to advertisements placed in the listserves of international adoption family networks. The comparison group was recruited via flyer advertisements within the surrounding community. Children in the comparison group were only included if they were psychiatrically healthy, which was confirmed with parent interview (described below). The families of the PI and the comparison children had household incomes well above the median annual household income in the United States ($48,201; US Census Bureau, 2006) , similar to the high socio-economic status that has been observed in another sample of Midwest families who have adopted internationally (e.g., Hellerstedt, et al., 2008) .
Measures
Clinical measures-Parents were interviewed by a trained member of the research team with the Kiddie-Schedule for Affective Disorders and Schizophrenia (K-SADS-PL; Kaufman et al., 1997) to obtain reports of DSM-IV psychiatric diagnoses including affective, psychotic, anxiety, and behavioral disorders, as well as substance abuse and other disorders. Additionally, parents completed the Self-Report for Childhood Anxiety and Related Disorders (SCARED; Birmaher et al., 1995) and the Conners Parent Rating ScaleRevised: Short Form (Conners, 1997) to provide continuous measures of anxiety and ADHD symptoms, respectively. Parents also completed the Child Behavior Checklist (CBCL; Achenbach, 1991) , which provided a standardized score of social competence (i.e., T scores). In order to obtain a measure of child's current mood during the scan, children were asked to rate on a scale from 1-9 how happy they felt (1=very unhappy; 9 = very happy; anchored with unhappy and happy faces) prior to entering the scanner and immediately upon exiting the scanner (when they were asked how they felt while in the scanner).
fMRI Task-Children completed an Emotional Face Go/Nogo task (Hare, et al., 2008) while in the MRI scanner. The event-related task requires pressing a button ("Go" condition) when target facial expressions appeared and inhibiting this behavioral response when distracter ("Nogo" condition) facial expressions appeared. Face stimuli (Tottenham, Tanaka, et al., 2009) were presented singly with a fixed random order and an average interstimulus jitter of 5 seconds (range: 2.5-10 seconds). The face images were grayscale with a visual angle of 15°. Four models (2 female, 2 male) were chosen from each of the following ethnic backgrounds: African-, Asian-, & European-American. A multi-ethnic set was chosen to avoid amygdala differences that might result from in-group/out-group effects (Lieberman, et al., 2005; Phelps, et al., 2000) . Images were normalized for size and luminance. Children were instructed to execute the 'Go' response quickly for the named target expression (e.g., 'neutral'), which was presented frequently (70% of the trials), while inhibiting the response when the distracter expression (e.g., 'fear') appeared, which was presented infrequently (30% of the trials). Which facial expression participants responded to changed with each run. There were two conditions separated by run, each presented twice -fear faces as the target with neutral faces as the distracter and neutral faces as the target with fearful faces as the distracter -resulting in 120 target trials (60 fearful, 60 neutral) and 52 distracter trials (26 fearful, 26 neutral). The order of runs was counterbalanced across participants. Each face stimulus was presented for 500 milliseconds, and participants were allowed 1500 milliseconds to respond by pressing a button with their index finger.
Subjects viewed images projected onto an overhead liquid crystal display panel with the Integrated Functional Imaging System-Stand Alone (IFIS-SA; MRI Devices, Waukesha, Wisconsin). A fiber optics response box was used for recording behavioral responses. The entire task lasted approximately 20 minutes, and participants were allowed to take breaks if needed between runs. Prior to scanning, children were given opportunity to practice to ensure that they understood and could perform the task.
Eye-contact measures
1) Eye-tracking task: Eye-tracking was employed to obtain high precision measurements of eye-contact during an out-of-scanner emotion-processing task. Eye-tracking capability was not present in the MRI scanner. However, we collected eye-tracking data for a separate behavioral task (data not presented in this manuscript), to provide an index of where children look at faces. After calibration with the eye-tracking camera (ISCAN, Inc), children were shown single presentations of images of faces for 1500 milliseconds that extended a visual angle of 26 degrees. The face image (Tottenham, Tanaka, et al., 2009 ) was a grayscale face with either happy or fearful open-mouthed expressions. The models were the same as those used in the fMRI-task (Emotional Face Go/Nogo). In total, there were 96 faces during which eye-tracking data were collected. Children were instructed to pay attention to the face for a memory task (data not presented here). There was a total of 36 children (18 comparison, 18 PI) who provided usable eye-tracking data, but there were only 28 children (14 comparison, 14 PI) who provided usable eye-tracking data and usable fMRI data. Eye-tracking data was not obtained from all children either because of an inability to obtain a usable track (N=7), because time did not permit for this procedure (N=7), or because the child participated prior to when this task was added to the protocol (N=2). The eye-tracking measure was obtained by designating two areas of interest (AOI), one around the eye and one around the mouth region of the face stimulus, and calculating the number of frames during which eye gaze was positioned in each AOI relative to the number of frames during stimulus presentation. There was no difference in eye-contact between happy and fearful faces (t=1.40, ns) and therefore, eye-tracking values were collapsed across the two expressions as an index of eye-contact.
2) Live dyadic interaction: Eye-contact during live dyadic interaction was recorded to provide an ecologically valid measure of eye-contact. Children, who had been testing with a member of the research team, were told to reunite with their parent, who had been participating in a videotaped interview with a different member of the research team. This interaction was included as a part of each family's visit for the purpose of allowing the child to rest and "check in" with his or her parent. No instructions were given to the parent or the child, and the members of the research team remained unobtrusive during the interaction by tending to paperwork. Children and their parents were videotaped during the unstructured dyadic interaction lasting approximately 1 minute. A coder, made as blind as possible to the rearing conditions of participants, noted the digitally recorded interactions by recording the time stamps on the video any time when children made eye-contact and when eye-contact ceased. It was impossible to ensure complete blindness since the ethnic backgrounds of some of the PI children would suggest to the coder their condition. There were 32 children (21 PI, 11 comparison) who provided usable eye-contact data during live dyadic interaction, but there were 26 children (18 PI, 8 comparison) who provided both usable eye-contact data and usable fMRI data. The reasons for not obtaining eye-contact data from all children was refusal to be videotaped (N=7) and technical difficulties, including an inability to see the child's face and equipment malfunction (N=11). The eye-contact measure during live dyadic interaction was obtained by calculating the number of seconds the child made eye-contact relative to the entire time that the child was in the room with the parent. Thus, this eyecontact measure was calculated as proportion of eye-contact made relative to total time spent in interaction.
Procedure
Children came to the laboratory for two sessions. In the first session, clinical measures, eyetracking and dyadic interaction data were collected, and children were acclimated to the scanner environment with an MRI replica. The Emotional Face Go/Nogo task was administered in the MRI scanner on the second visit, which occurred on a separate day. During this second visit, children indicated current mood.
Scanning parameters-Subjects were scanned with a General Electric Signa 3.0-Tesla fMRI scanner (General Electric Medical Systems, Milwaukee, Wisconsin) with a quadrature head coil. Foam padding around the head was used to reduce motion. A whole brain, high resolution, T1-weighted anatomic scan (three-dimensional spoiled gradient; 256 × 256 inplane resolution, 240 mm field of view [FOV] ; 124 mm × 1.4 mm axial slices) was acquired for each subject for transformation and localization of functional data into Talairach space (Talairach, et al., 1988) . A spiral in-and-out sequence (Glover, et al., 2004) was used to collect functional data (repetition time=2500 msec, echo time=30 msec, FOV=200 mm, flip angle=90°, 64 × 64 matrix). We obtained 34 4-mm-thick coronal slices (skip 0) with an inplane resolution of 3.125 × 3.125 mm covering the entire brain except for the posterior portion of occipital lobe.
fMRI Preprocessing-Functional imaging data were preprocessed and analyzed with the Analysis of Functional NeuroImages (AFNI) software package (Cox, 1996) . All included data were free of movement greater than 2.5 mm in any direction. After slice time correction images were registered to the first image volume after the high-resolution anatomical dataset with rigid body transformations and smoothed with anisotropic 6-mm Gaussian kernel. Time series were normalized to percent signal change to allow comparisons across runs and individuals by dividing signal intensity at each time point by the mean intensity for that voxel and multiplying the result by 100. The model included regressors for each of the 2 variable types (2 stimulus types, 2 expressions) by convolving the stimulus timing files with a γ-variate hemodynamic response function. Incorrect trials and 6 motion parameters were included as separate regressors for a total of 11 regressors. General linear modeling was performed to fit the percent signal change time courses to each regressor. Linear and quadratic trends were modeled in each voxel time course to control for correlated drift. Group level analyses were conducted on the regression coefficients from the individual analysis after transformation into the standard coordinate space of Talairach and Tournoux with parameters obtained from the transformation of each subject's high-resolution anatomical scan. Talairached transformed images had a resampled resolution of 3 mm 3 . A group level linear mixed effects (LME) model conducted with the 3dLME program within AFNI. The 3dLME program uses functions from the R software package (http://www.R-project.org). The LME model included the factors Group (Comparison, PI), Emotion (fear, neutral), and TrialType (target, distracter). Correction for multiple comparisons was applied at the cluster level following Monte Carlo simulations conducted in the AlphaSim program within AFNI. Clusterwise false-positive rates of p<0.01 corrected for multiple comparisons were determined for whole brain analyses and p<0.01 small volume corrected for amygdala (H. . [Fear, Neutral] ) was performed on the neuroimaging data. Our primary region of interest was the amygdala, and amygdala signal change was indexed by blood-oxygen-level dependent (BOLD). However, we present data from all activated regions of interest (ROI) in table format. Our focus was on the statistical interactions with Group and therefore, we do not present the full set of results for interactions that do not include this factor. Post hoc ttests were performed for each group separately within each of the ROIs resulting from the omnibus ANOVA. These t-tests examined MR signal for the condition of interest relative to baseline. Significant increases or decreases from baseline are presented in table format (Tables 3 & 4 ). In addition, we extracted the beta values from each ROI per subject and conducted between group t-tests on these values to interpret the direction of any interactions. These between group tests are also presented in table format (Tables 3 & 4) . These beta weights were also used in the correlations with behavioral measures.
Imaging Analysis Plan
An omnibus ANOVA (Group [Comparison, PI] × TrialType [Target, Distracter] × Emotion
Results

Clinical Measures
Based on parent interview (K-SADS-PL), one of the PI children reached criterion for an anxiety disorder, four for attention deficit hyperactivity disorder (ADHD), one for both ADHD and anxiety, one for anxiety and a learning disorder, two for learning disorders, and one for oppositional defiant disorder. Based on parent report using the continuous measures (SCARED and Conners), the PI children exhibited more anxiety symptoms Kumar & Steer, 2003) . We describe below the correlations between these scores and the neuroimaging data. The difference in social competence as measured by the CBCL did not reach statistical significance (t=1.75, p=0.09), although the comparison group (mean (SD) standardized T score = 48.1 (7.0)) trended towards a higher social competence score relative to the PI group (mean (SD) standardized T score = 43.1 (9.7)). There were no differences between the groups on current mood (before scan t=1.815, ns: PI mean (SD) = 3.3 (2.9), comparison mean (SD) = 1.8 (1.4); during scan t = 0.03, ns: PI mean (SD) = 3.2 (2.2), comparison mean (SD) = 3.2 (2.8)).
Emotional Face Go/Nogo
Behavior-Outlier response times (more than 3 standard deviations from the mean) were removed from the data. Accuracy was calculated as hits minus false alarms divided by the total number of trials. Two separate repeated measures ANOVAs, with Emotion (fear, neutral) as a within-subjects variable and Group (PI, comparison) as the between subjects variable, were run on the accuracy and reaction time data. There were no main effects or interactions for accuracy (F values <2.06, ns) or for response times (all F values <2.60, ns). The descriptive statistics are listed in Table 2 .
Neuroimaging-Since the amygdala was of primary interest, we describe significant activations in this region first. The omnibus ANOVA (Group [Comparison, PI] × TrialType [Target, Distracter] × Emotion [Fear, Neutral] ) showed a main effect of Group (F (1,42)=4.071, p<.01, Rxyz * =17,−9,−12; Lxyz * =−16,−2,−15) on BOLD signal within the amygdala, where higher amygdala signal was observed in the PI group relative to the comparison group. There was a TrialTypeXEmotion interaction in the amygdala (F=3.915, p< .01; Rxyz * =23,−6,−9; Lxyz * =−21,−7,−10). T-tests (t=1.974, p< .01) examined the source of these interactions. Amygdala signal was higher for a) fear target than fear distracter trials (Lxyz † =−20,−3,−9), b) for fear target than neutral target trials (Rxyz † =22,−7,−5; Lxyz † =−22,−1,−10), c) for neutral distracter than neutral target trials (Rxyz † =23,−6,−7; Lxyz † =−26,−4,−9), d) for neutral distracter than fear distracter trials (Rxyz † =23,−7,−10; Lxyz † =−19,−7,−10), and e) for fear distracter than neutral target trials (Rxyz † =21,−4,−5). There was no difference between fear target and neutral distracter trials.
The factor Group interacted with Emotion and also separately with TrialType on BOLD signal in the amygdala. We will first discuss the GroupXEmotion interaction, which was observed bilaterally in the amygdala (F=3.915, p<.01, Rxyz † =20,−4,−8; Lxyz † = −19,−6,−9). Figure 1 shows the results of the omnibus ANOVA for the amygdala, as well as the data separated by group and emotion. As shown in Table 3 , post hoc t-tests between groups (t=1.974, p<0.01) showed that fear faces resulted in greater bilateral amygdala activation in the PI group relative to the comparison group (Rxyz † =17,−9,−12; Lxyz * = −18,−10,−13), but there was no difference between the two groups for neutral faces. Within each group, two separate t-tests performed on the beta weights obtained from the GroupXEmotion ROI showed that there was increased activity for fear faces relative to neutral faces in the PI group in the right hemisphere (t=2.556, p<0.02), but no difference for the comparison group. There was also greater amygdala activity to fear faces for the PI group relative to neutral faces for the comparison group (Rxyz † =14,−6,−14), but no difference between neutral faces for the PI group and fear faces for the comparison group 1 . Other areas activated for the interaction of Group and Emotion are listed in Table 3 . In addition to the results of the omnibus ANOVA, this table also provides the results for each condition relative to baseline. There was an interaction between group and emotion in regions of the prefrontal cortex, including vmPFC, medial frontal cortex, anterior cingulate cortex (ACC), and inferior/middle frontal gyrus, medial temporal cortex, parietal cortex, and cerebellum. As seen in Table 3 , between group post hoc t-tests showed that both groups * small volume corrected † whole brain corrected increased activity in anterior cingulate and inferior/middle gyrus for fear relative to baseline, but the PI group increased activity in these regions more for neutral face face stimuli. The PI group also showed relatively greater activity to fearful faces than the comparison group in the vmPFC (rostral ACC), but this difference was due to the comparison group showing a relative decrease in vmPFC activity to fearful faces, whereas the PI group showed no change in vmPFC activity to fearful faces. In contrast, the PI group showed a relative decrease in subgenual ACC activity to neutral faces, whereas the comparison group did not. The comparison group also showed relative increase in cerebellum for neutral faces, whereas the PI group showed no change relative to baseline for neutral faces.
There was also a GroupXTrialType interaction observed bilaterally in the amygdala (F= 3.915, p< .01; Rxyz † =17,−10,−13; Lxyz † =−19,−1,−22 & −13,−1,−16) (see Fig 2) . Post hoc t-tests between groups (t=1.974, p<0.01) showed that a) distracter trials were associated with greater bilateral amygdala response for the PI group relative to the comparison group (Rxyz † =17 −9 −13; Lxyz † =−16 −4 −19), and that b) there was no signal difference in the amygdala between the groups for target trials, c) no signal difference for the contrast of target trials for the PI group and distracter trials for the comparison group and d) no signal difference for the contrast of distracter trials for the PI group and target trials for the comparison group 2 . Within each group, two separate t-tests performed on the amygdala beta weights obtained from the GroupXTrialType interaction showed that there was greater signal change to target relative to distracter stimuli for the comparison group in both hemispheres (Right: t=2.584, p<0.02; Left: t=2.585, p<0.02), and in contrast, there was greater signal change for distracter relative to target stimuli for the PI group in the right hemisphere (t=4.355, p<10 −4 ). As seen in Table 4 , in addition to the amygdala, there was an interaction between Group and TrialType in prefrontal, medial temporal, and parietal regions, as well as cerebellum. Between group post hoc t-tests showed that the PI group exhibited greater signal change in the amygdala, precentral gyrus, and middle frontal gyrus during the presentation of distracter stimuli relative to the comparison group. Distracter stimuli also resulted in greater signal in the PI group relative to the comparison group, but this difference was due to the PI group exhibiting less of a decrease relative to baseline than the comparison group. In contrast, the distracter stimuli resulted in greater relative signal increases in the superior frontal gyrus, inferior/middle frontal gyrus, superior temporal sulcus, and fusiform/parahippocampal gyrus in the comparison group than the PI group. The comparison group also showed more signal change to target stimuli than the PI group did in the middle frontal gyrus and ventrolateral prefrontal cortex. Distracter stimuli also resulted in greater activity in the precuneus for the comparison group relative to the PI group, but this difference was due to the PI group showing a decrease in activity relative to baseline.
1 Since three of the PI children had clinical anxiety disorders and anxiety has been associated with heightened amygdala activity in children (Thomas et al., 2001b) , this analysis was performed excluding children with an anxiety disorder (n=3). We conducted between group t-tests on the amygdala beta weights obtained from the GroupXEmotion interaction without these children. Results show that the effects remained in the amygdala. Fear faces resulted in greater amygdala activation for the PI than the comparison children in the right amygdala (t=1.975, p<.01), and there was no difference between groups for neutral faces. Therefore, the observed effects on amygdala activity were not artificially produced by the three children with an anxiety disorder. We also examined the association between amygdala activity to fear and neutral faces and current mood using child reported mood prior to scanning and during the scanning session. Further, we examined anxiety and ADHD symptoms continuously using the SCARED and the Conners Parent Rating Scale-Revised: Short Form, respectively. There were no associations between these continuous measures and amygdala activity to fear or neutral faces (all p's >0.2). 2 This analysis was repeated excluding children with an anxiety disorder (n=3) using the amygdala beta weights obtained from the GroupXTrialType Interaction. Results show that the effects remained in the amygdala. Distracter faces resulted in greater amygdala activation for the PI than the comparison children on the right (t=2.352, p<.025) and on the left (t=2.297, p<0.029), and there was no difference between groups for target faces. Therefore, the observed effects on amygdala activity were not artificially produced by the three children with an anxiety disorder. We also examined the association between amygdala activity and current mood using child reported mood prior to scanning and during the scanning session. Moreover, we examined anxiety and ADHD symptoms continuously using the SCARED and the Conners Parent Rating Scale-Revised: Short Form, respectively. There were no associations between these continuous measures and amygdala activity to fear or neutral faces (all p's >0.05).
Eye-contact measured during eye-tracking and dyadic interaction
We examined behavioral differences in eye-contact that emerged as a function of early rearing condition. Comparison children spent significantly more time looking at the eye region (t=2.998, p<0.005)(mean proportion of time=0.48, SD=0.05) than the PI group (mean proportion of time=0.42, SD=0.06) as measured by eye-tracking, and there was no difference on the amount of time children spent looking at the mouth region (t=0.61, ns; mean (SD) proportion of time, PI=0.45 (0.08), comparison=0.47 (0.06)). The group difference for proportion of time making eye-contact during live dyadic interaction did not reach statistical significance (t=1.490, p=0.149) between the PI (mean=0.25, SD=0.16) and comparison children (mean=0.37, SD=0.25).
Associations between amygdala activity and social behaviors
We examined whether amygdala activity during the Emotional Face Go/Nogo correlated with social competence as measured by the CBCL and the two measures of eye-contact. We were specifically interested in amygdala response to the fear and distracter stimuli since these were the conditions that resulted in-group differences in amygdala response. A correlation analysis showed that social competence (CBCL T score) was negatively correlated with amygdala activity in response to fearful faces (beta weights obtained from GroupXEmotion ROIs; r=−0.35, p <0.05), but not to other conditions in the Emotional Face Go/NoGo. There was also an association between eye-contact and amygdala activity during the Emotional Face Go/Nogo. Specifically, amygdala activity (beta weights obtained from GroupXEmotion interaction) to fearful faces in the right (r=−0.519, p<0.006; Fig 1) and left (r=−0.534, p<0.004) hemispheres was inversely associated with eye-contact when measured during the eye-tracking procedure. The correlation between amygdala activity to fearful faces and eye-contact during live dyadic interaction approached statistical significance on the right (r=−0.36,p=0.07). Amygdala activity to distracter stimuli (beta weights obtained from GroupXTrialType interaction) was also negatively correlated with eye-contact during the eye-tracking procedure in the right hemisphere (r=−0.405, p<0.03; Fig 2) and during the live dyadic interaction both in the right (r=−0.605, p<0.001) and the left (r=−.47, p<0.015) hemispheres.
We also examined the association between the eye-contact measures and amygdala activity within the PI group. Just as was found with the entire sample, within the PI group there was a negative correlation between amygdala response to fearful faces and eye-contact as measured by eye-tracking (right: r = −0.751, p<0.003; left: r=−0.648, p<0.017). There was also a negative correlation between amygdala response to distracter stimuli and eye-contact during live dyadic social interaction within the PI group in the right hemisphere (r=−0.478, p<0.045). There were no other associations between eye-contact and amygdala response to fearful or distracter stimuli.
Hierarchical regression: Amygdala as mediator between early rearing environment and eye-contact-Amygdala activity was tested as a potential mediator of early rearing environment on current eye-contact as measured by eye-tracking, as specified by Baron & Kenny (1986) . We examined amygdala activity that differentiated the two groups, namely right amygdala signal (beta weights obtained from the GroupXEmotion interaction) to fearful faces and right and left amygdala response to distracter stimuli (beta weights obtained from the GroupXTrialType interaction) in three separate hierarchical regression analyses. First, we will describe the results for the model that included right amygdala signal in response to fearful faces. This analysis showed that early rearing environment was a significant predictor of the amount of eye-contact made by children (beta=0.375, p=0.014) (see Table 5 ). In the second step of the model, rearing environment was simultaneously regressed on eye-contact along with amygdala signal as the mediator variable. The association between early rearing environment and amygdala signal was significant as was the association between amygdala signal and eye-contact (Fig 3) . Moreover, the association between early rearing condition and eye-contact was mediated by amygdala signal (β=−.422, p<0.05), which when included in the analysis, explained the majority of the variance attributed to rearing environment, and the coefficient between rearing environment and eye-contact became non-significant when amygdala signal was included (β=0.191, ns). Rearing environment alone explained 17% of the variance in eyecontact, whereas rearing environment in conjunction with amygdala signal accounted for 30% of the variance. The Sobel test was employed to determine whether the inclusion of the mediator significantly attenuated the contribution of rearing environment in the prediction of eye-contact (Sobel, 1982) . The regression coefficients for rearing environment decreased and were no longer significant after inclusion of amygdala activity, indicating that amygdala signal mediated the association between early rearing environment and eye-contact. The two other analyses that included amygdala response to distracter stimuli showed that these values did not significantly mediate the association between early rearing environment and eye-contact 
Discussion
Here we show that adverse rearing conditions in the postnatal period is followed by heightened amygdala activity during childhood. We have previously shown that institutional care during infancy is followed by amygdala hypertrophy in childhood, which is associated with emotional difficulties exhibited by the child , and the current functional findings add to these structural findings. Although an earlier report using PET scanning found amygdala hypoactivity in PI children relative to an adult and epileptic population (Chugani, et al., 2001 ), here we show that when compared to healthy, same aged peers, PI children show atypically high amygdala activity. Behavioral studies that employ random assignment have found that anxious phenotypes, which seem to be associated with elevated amygdala activity (Thomas et al, 2001b) , are caused by institutional care , providing support for the notion that the elevated amygdala activity observed in the current PI sample is also caused by institutional care. Non-human animal studies suggest the early, rapid development of the amygdala (Avishai-Eliner, et al., 1996; Payne, et al., 2009; Vazquez, et al., 2006) may increase its vulnerability to environmental pressures, resulting in elevated endogenous stress hormone, decreased gene expression (guanylate cyclase1∝3), precocious structural development, and altered future functioning (Becker, et al., 2007; Kikusui & Mori, 2009; Moriceau, et al., 2009; Plotsky, et al., 2005; Sabatini, et al., 2007) , and our neuroimaging findings are consistent with vulnerability of the amygdala early in life.
PI children showed heightened amygdala activity relative to the comparison group in response to both fearful faces and distracter stimuli, while neutral and target stimuli did not produce group differences. In fact, the comparison group did not show differential amygdala response for fear and neutral faces, which is consistent with previous reports of typical children not showing greater amygdala response to fearful faces relative to neutral as adults do (Thomas et al., 2001) . Therefore, it is noteworthy that the PI group exhibits the adult-like amygdala activation for fearful faces above neutral faces, which may be an indication of precocious amygdala development that has been shown to follow early life stressors in rodents (Kikusui & Mori, 2009; Moriceau et al., 2009) . PI children also showed increased amygdala signal for distracter stimuli relative to the comparison group. The increased signal change in the PI group to distracter faces suggests that the comparison children were better able to ignore the emotional content of the distracter stimuli, while the PI children were not. This increased amygdala engagement to distracting emotional information may in part explain the emotional lability described in stressed populations (Lemieux & Coe, 1995) , including PI children (Gunnar, Bruce, & Grtevant, 2000) . Heightened amygdala activity has been associated with increased vigilance to emotionally significant stimuli, and this neural phenotype may increase vigilance for environmental threat in a PI population.
The Emotion of the face stimuli also interacted with Group in several other regions, including the vmPFC (including rostral anterior cingulate cortex), a region that has strong bidirectional connections with the amygdala, often playing a modulatory role over the amygdala in healthy adults (Phelps, et al., 2004; Quirk, et al., 2006) . This difference was the result of comparison children showing a relative decrease in vmPFC activity during the presentation of fearful faces. In healthy populations, the amygdala and vmPFC show inverse activity (Phelps, et al., 2004) , which might be mediated by the integrity of the white matter tracts between them (Kim, et al., 2009) . However, pathological populations show less inverse coupling between the two regions (Marsh, et al., 2008; Shin, et al., 2006) , and decreased coupling has been associated with increased trait anxiety (Hare et al., 2008) . Unlike the comparison children, the PI group showed no change in vmPFC with increased amygdala activity. These data are consistent with poor communication between the two regions in the PI group, and recent diffusion tensor imaging has identified reduced white matter between amygdala and prefrontal cortex in PI children (Govindan, et al., 2009 ).
Additionally, Emotion interacted with Group in regions, including the dorsal prefrontal cortex, subgenual anterior cingulate, temporal cortex, parietal cortex, and cerebellum. In general, the differences in the dorsal regions of prefrontal cortex were most obvious for the neutral conditions, where the PI group showed greater increases relative to baseline for neutral faces as compared to the comparison group. Although we were surprised to see increased prefrontal activity in the PI group, the fact that these differences appeared for the neutral face stimuli may reflect group differences in response to neutral faces. In typical populations of children, neutral faces are more likely to engage subcortical regions, like the amygdala, than fear faces (Thomas et al., 2001a) . (Note that only the comparison group showed increased activity in the right amygdala for neutral faces.) Given the often inverse activity between cortical and subcortical regions, neutral faces may reduce cortical activity for the comparison children. The PI group also showed increased activity in temporal cortex for fearful faces. Group differences in parietal activity are also suggested by the GroupXTrialType interaction and the paired comparisons between emotion and baseline. Activity in temporal and parietal regions may reflect increased emotional arousal that has been observed in other anxious developing populations (Krain, et al., 2008) . The between group t-test showed greater cerebellar activity for the neutral faces than the PI group. Cerebellar group differences are consistent with recently reported cerebellar volumetric differences identified in PI children relative to a comparison group (Bauer, et al., 2009) , although clearly more research is necessary to interpret these findings. Thus, early adverse caregiving is followed by differences in brain activity to facial emotions, like fear and neutral, that includes amygdala, frontal, temporal, parietal, cerebellar regions.
Previously we reported more errors for negatively valenced faces in the PI group using a more difficult behavioral version of the Emotional Face Go/Nogo task (shorter intertrial intervals) . In the present fMRI compatible version of the task (longer intertrial intervals), we did not observe performance differences between groups, perhaps reflecting the decreased difficulty of the scanner version of the task. Nonetheless, we observed increased amygdala activity to distracter trials for the PI children relative to the comparison group. Similar to the vmPFC response to fearful faces, the vmPFC response to distracter stimuli showed greater decrease relative to baseline for the comparison group than it did for the PI children, again indicating less effective communication between the two regions for the PI group. In general, the comparison group showed greater signal increases in cortical regions including the superior frontal gyrus, middle frontal gyrus, ventrolateral prefrontal cortex, inferior/precentral gyrus, parietal cortex, superior temporal sulcus, and fusiform gyrus to distracter (i.e., nogo) stimuli. These frontal and parietal regions have been implicated in cognitive control processes (Bunge, et al., 2002; Durston, et al., 2006) , and the occipitotemporal regions (fusiform gyrus and superior temporal sulcus) have been implicated in representing the structural aspects of faces (Haxby, et al., 2001) . The more robust cortical activity in the comparison group suggests they are more likely to engage cognitive and perceptual processes than those children with adverse caregiving histories. These differences show that despite similar performance on the current Emotional Face Go/ Nogo task (perhaps related to the decreased sensitivity of this version of the task to detect group differences at the behavioral level), the two groups exhibit different patterns of neural activity and that face distracters, regardless of valence are effective in increasing amygdala activity in the PI group. Thus, early adverse caregiving is followed by differences in brain activity to distracting social stimuli that includes amygdala, frontal, temporal, parietal, cerebellar regions. These neural differences may lead to difficulty with self control in emotional contexts observed in this population .
It has been shown in previous PI samples (Hodges & Tizard, 1989 ) that difficulty with social relationships is common. In the current study, we examined indices of social behavior including social competence and eye-contact. Social competence was negatively correlated with amygdala response to fearful faces, such that higher amygdala response to faces was associated with lower social competence. Eye-contact, a critical aspect of social behavior, was also negatively correlated with amygdala response to faces (both fear and distracters), such that higher amygdala responses to faces were associated with less eye-contact. This association was observed during two independent measures of eye-contact, one with high precision (eye-tracking) and one with ecological validity (eye-contact during a live dyadic social interaction). As a group, PI children made less eye-contact as measured with eyetracking. Importantly, amygdala activity mediated the association between early rearing conditions and the observed decreased eye-contact during childhood. The significant contribution of amygdala activity in explaining the association between early rearing environment and decreased eye-contact suggests that the often observed social difficulties in PI children (Hodges & Tizard, 1989) are, in part, the result of amygdala hyperactivity.
Studies in adults suggest that looking at the eye region is particularly effective in increasing amygdala activity (Whalen, et al., 2004) , activity that can increase subjective experiences of negative emotion (Lanteaume, et al., 2007) . Therefore one means of decreasing amygdala activity may be to direct gaze away from the most arousing aspects of stimuli (Dalton, et al., 2005; van Reekum, et al., 2007) . Since we found a similar association in the current study between amygdala activation and eye-contact, one possible explanation of this finding is that minimizing eye-contact may be an attempt on the child's part to regulate overarousal caused by face-to-face interactions. In light of the critical role that face processing plays in successful social interaction, these findings suggest a neurobehavioral mechanism by which early adversity is followed by poor socio-emotional health. Thus, beyond social deprivation experienced during institutional care, PI children continue to have daily atypical experience with faces, a finding which may explain the decreased fusiform activity in the PI group, a brain region that supports developing expertise with faces (Golarai, et al., 2007; Tarr, et al., 2000) . The eye-contact measures and parent report of social competence used in the current study are distal measures of social competence; however, our findings might provide insight into the constellation of socio-emotional atypicalities observed in children with a history of adversity including atypical friendliness towards unfamiliar adults, atypical affective attachments to parents, and atypical social relationships with peers (as reviewed in Gunnar, et al., 2000b) ).
There are many limitations of this study. We cannot ever determine the specific events infants experience pre-adoption, nor do we have insight into the prenatal conditions or the genetic profile of this population, making conclusive statements about causality difficult. However, a rapidly growing literature suggests that institutional rearing results in adverse developmental outcomes (Colvert, et al., 2008; Fries & Pollak, 2004; D. E. Johnson, et al., 1999; Kertes, et al., 2008; , and recent advances in the ability to use random assignment enhance our ability to make claims about the directionality of events ).
Secondly, we cannot control the sample's characteristics, some of which may confound our findings. The numerous levels of privation of the PI group present a challenge for identifying all of the appropriate controls, and we utilize a comparison group who differs in many ways from the PI group. Since we cannot conclude that any one factor caused the observed effects, the present results must be interpreted with appropriate caution. In the current study, the comparison group was of a similar age, sex, and IQ as the PI group, although they differed on ethnic background, and future attempts to match on ethnic background will be necessary if amygdala activity differences are identified between ethnically dissimilar children. However, there are no data to suggest that ethnically Asian individuals show elevated amygdala activity except in cases when the elevated activity is an artifact of decreased familiarity with the ethnicities of the models used in the experiment (Chiao et al., 2007; Denrtl et al., 2009) . Although, there was a high representation of girls adopted from China in this sample, the large representation of Chinese children may reduce some of the levels of privation in typically found in samples of PI children. It has been reported that Chinese infants are typically healthy upon arrival at the orphanage overwhelmingly being abandoned by non-impoverished two-parent households, where the decision to abandon was most often made by the birthfather -the primary reason for abandonment having to do with the preference for a son (Johnson, et al., 1998) . Children adopted from China are more likely to show elevated lead levels, anemia, and hepatitis B, but they often experience better prenatal conditions and spend less time in institutional care than other PI children (Miller, et al., 2000) . While this caregiving history is somewhat less bleak than has been reported in populations of children adopted from Eastern European countries (Saiman, et al., 2001) , we have nonetheless observed elevated amygdala responses in this sample. This functional difference is consistent with amygdala structural atypicalities reported previously , as well as social-emotional difficulties such as impaired emotion regulation ) and greater trait anxiety (Casey, et al., 2009) . Many of the children in the PI sample had a mental illness (particularly anxiety and impulse control problems). Because children with anxiety disorders show elevated amygdala response to fearful faces (Thomas et al., 2001b) , we performed analyses removing children with anxiety disorders and found the same results as when they were included. We were less concerned about impulse control artifacts in the observed amygdala activations since children with impulse control problems (e.g., ADHD) show typical amygdala responses to fearful faces (Marsh et al., 2008) . Nonetheless, our analyses that examined the association between continuous measures of these phenotypes (both anxiety and ADHD) showed that the heightened amygdala response observed in the PI group was not an artificial result of these children being included in the sample. Instead, our findings suggest that the observed amygdala effects were directly associated with early adverse caregiving.
Another source of concern might be group differences in habituation of the amygdala since amygdala response to fearful faces in the scanner occurred after the eye-tracking procedure (when children also saw fearful faces). However, the two presentations of fearful faces never occurred on the same day, and previous work in healthy adults has shown that the amygdala response to fear does not habituate when test sessions are separated by a period of days or weeks . Instead, the response is highly stable across days. Therefore, the chance that the initial presentation of fearful faces during the eye-tracking resulted in a decrement in the amygdala response during the scanner is unlikely.
These data are consistent with the hypothesis that early life is a time when poor caregiving can have significant long-term effects on neural development, and that these experiences can impact socio-emotional behavior. Alterations in these phenotypes following early-life adversity appear resistant to change when measured in childhood. Amygdala signal change to Fearful Faces and Eye-contact. Left: A GroupXEmotion interaction showed that PI children exhibited greater signal change than the comparison group for fearful faces. Middle: Post hoc t-tests showed the results for each emotion relative to baseline separately for PI and comparison children. Right: BOLD signal (beta weights) from the GroupXEmotion amygdala ROI was inversely correlated with amount of eyecontact children made during eye-tracking (proportion of frames spent looking at the eye region). Note: The negative correlation between amygdala signal change and eye-contact during a live dyadic interaction (proportion of time making eye-contact) was not statistically significant. Amygdala signal change to Distracter Faces and Eye-contact. Left: A GroupXTrialType interaction showed that PI children exhibited greater signal change than the comparison group for distracter stimuli. Middle: Post hoc t-tests showed the results for each trial type relative to baseline separately for PI and comparison children. Right: BOLD signal (beta weights) from the GroupXTrialType amygdala ROI was inversely correlated with amount of eye-contact children made during both eye-tracking (proportion of frames spent looking at the eye region) and live dyadic interaction (proportion of time making eye-contact). Amygdala response to fearful faces mediates association between early rearing environment and amount of current eye-contact. The unstandardized coefficients are shown for each association. The significant coefficient between rearing environment and eye-contact at the time of data collection was reduced and became non-significant when amygdala activity was included in the model, showing that the association between early rearing environment and eye-contact was mediated by the amygdala. Table 3 Talairach coordinates and patterns of activation for regions of interest: Group×Emotion (F = 3.915, p<.01 corrected for whole brain) Table 4 Talairach coordinates and patterns of activation for regions of interest: Group×Trial Type (F = 3.915, p<.01 corrected for whole brain) 
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